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Abstract
It has been previously demonstrated that improving the detection of mercury
2+

(Hg ) in water is of significant importance since the Hg2+ has detrimental effects on
human health and could lead to toxicity, especially in utero. One way this could be
achieved is through the design of highly sensitive and selective sensors for Hg2+
contents in water.
In this work, it is hypothesized that sensors with silver nanoclusters enhance
the sensitivity of the fabricated sensor and possess the highest selectivity to the Hg2+
detected in this study. In order to verify this hypothesis, sensors with silver decorated
nanoclusters were designed and then tested their selectivity and sensitivity to Hg2+ in
water. These sensors were designed by utilizing a thermal evaporation process;
interdigitated electrodes of gold were deposited on the surface of the sensor
substrate. Then, graphite oxide (GO) was placed between these electrodes.
Subsequently, silver nanoclusters were deposited on top of the GO using magnetron
sputtering and inert gas condensation system.
The sensitivity to Hg2+ in water was tested for sensors decorated with Ag by
subjecting them to different concentrations of the ion in water. As for the selectivity
to Hg2+, it was investigated by subjecting the sensors to various ions. The results of
these experiments demonstrate that the sensor based on GO decorated with Ag has a
high sensitivity and selectivity to Hg2+ in water. It is therefore recommended to use
these sensors in practical applications.
Moreover, a readout circuit was built to convert the changes in sensing
currents to numerical values. The circuit was simulated using PSpice simulation
software.

Keywords: Graphite oxide, Silver nanoclusters, Mercury sensor, Inert-gas
condensation.
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)Title and Abstract (in Arabic

تصميم وتصنيع وتوصيف حساس التسشعاا أيونات الزئبق ياشمد على أكسيد الجرافيت
والماادن النانوية
الملخص

الهدف من هذه ااألطروحة هو تطوير حساسات ذات بنية ترانزستور للكشف عن
أيونات الزئبق ) (Hg2+المنخفض التركيز في الماء .وتستند هذه الحساسات على أكسيد
الجرافيت بإضافة لجزيئات النانو من الفضة ( ،)Agحيث أن التغيير في التيار الكهربائي هو
عامل االستشعار .من خالل استخدام عملية التبخر الحراري ،تم ترسب أقطاب من الذهب على
سطح ركائز الحساسات .وتم تجميع أكسيد الجرافيت التجاري بين األقطاب الكهربائية .هذه
الجزيئات النانونية قد تم إنتاجها بطريقة فيزيائية وذلك بانبعاث ذرات المعدن وتكثيفها باستخدام
غاز خامل مثل اآلرجون ،وتجميعها ذاتيا على أكسيد-الجرافيت .تعرض كل جهاز االستشعار
لتركيزات مختلفة من  Hg2+الختبار مدى حساسيته .أظهرت أجهزة االستشعار أداء أفضل عند
دمج لجزيئات النانو من الفضة مع أكسيد الجرافيت .كما تم فحص انتقائية أجهزة االستشعار
المصنوعة من خالل اختبار أيونات معدنية مختلفة ،وكشفت عن االستجابة المثلى ل  Hg2+بين
أيونات المعادن األخرى ،مما يجعلها أفضل للتطبيقات العملية.
وقد تم بناء دائرة كهربائية لقراءة التغيرات في التيارات الكهربائة للجهاز االستشعار
إلى قيم عددية .وتم أيضا ً محاكاة الدائرة باستخدام برنامج محاكاة .PSpice
مفاهيم البحث الرئيسية :أكسيد الجرافيت ،جزيئات النانو من الفضة ،جهاز حساس الزئبق،
تكثيف غاز-خامل.

ix

Acknowledgements
Praises and thanks to Almighty for this blessed life and opportunity to do
higher studies. I am sincerely grateful to my thesis advisors, Dr. Falah Awwad,
Department of Electrical Engineering, and Prof. Naser Naim Qamhieh, Physics
Department, for their support, encouragement and valuable guidance throughout
the duration of my thesis work. Their positivity, focused point of views and
comments were of great help every time we meet.
I would also like to thank my committee members for their guidance and
valuable comments on my thesis. My special thanks are extended to the Library
Research Desk for providing me with the relevant reference materials.
My thanks extend to Dr. Mohammed Meetani, Department of Chemistry,
for his kind help and guidance in preparing some chemical materials in his research
lab, and for his valuable discussions and feedback. Also, I want to thank Dr. Saeed
Tariq, college of Medicine & Health Science, for his help to take the TEM images
for the samples.
Also I extend my gratitude to my parents, family members, and friends for
their love, encouragement, and support during my studies.

x

Dedication

A special dedication to my lovely parents
To those who always give me love, support and encouragement
My brothers, sisters and friends
With their motivation, I accomplished this great achievement

xi

Table of Contents
Title .....................................................................................................................................i
Declaration of Original Work ........................................................................................... ii
Copyright ......................................................................................................................... iii
Advisory Committee .........................................................................................................iv
Approval of the Master Thesis ........................................................................................... v
Abstract ........................................................................................................................... vii
Title and Abstract (in Arabic) ........................................................................................ viii
Acknowledgements ...........................................................................................................ix
Dedication .......................................................................................................................... x
Table of Contents ..............................................................................................................xi
List of Tables.................................................................................................................. xiii
List of Figures .................................................................................................................xiv
List of Abbreviations.......................................................................................................xvi
Chapter 1: Introduction ...................................................................................................... 1
1.1 Overview .......................................................................................................... 1
1.2 Statement of problem ....................................................................................... 2
1.3 Aims and objectives ......................................................................................... 2
Chapter 2: Literature Review ............................................................................................. 3
2.1 Mercury ............................................................................................................ 3
2.2 Mercury sensing techniques ............................................................................. 4
2.3 Conductometric sensors ................................................................................... 4
2.4 Graphite oxide .................................................................................................. 5
2.5 Metallic nanoclusters ....................................................................................... 6
Chapter 3: Experimental .................................................................................................... 7
3.1 Substrates preparation ...................................................................................... 7
3.2 Deposition of graphite oxide ............................................................................ 8
3.3 Generation and deposition of Ag nanoclusters ................................................ 9
3.4 Ag nanoclusters characterization ................................................................... 12
Chapter 4: Results and Discussion ................................................................................... 13
4.1 Nanoclusters characterization ........................................................................ 13
4.2 Sensor characteristics ..................................................................................... 19
4.3 Sensor testing ................................................................................................. 21
Chapter 5: Sensor Circuit Model...................................................................................... 31
5.1 Design block diagram .................................................................................... 31

xii
5.2 Voltage regulator ............................................................................................ 34
5.3 Sensor voltage divider circuit design ............................................................. 35
5.3.1 First design ............................................................................................. 37
5.3.2 Second design ......................................................................................... 39
5.3.3 First design circuit simulation ................................................................ 40
5.4 Designing voltage amplifier ........................................................................... 41
5.5 Overall performance of the circuits................................................................ 48
Chapter 6: Conclusion and Future Work ......................................................................... 51
References ........................................................................................................................ 53

xiii

List of Tables
Table 1: Measurement obtained from TEM image .................................................... 16
Table 2: Measurements of Id for sensor with graphite oxide and Ag
nanoclusters.................................................................................................. 25
Table 3: Measurements of Id for sensor with graphite oxide ..................................... 26
Table 4: Measurements of Id for different metal ions ................................................ 28

xiv

List of Figures
Figure 1: Stages for cleaning the substrates ................................................................. 7
Figure 2: Schematic diagram for the substrate with the digitated gold
electrodes. .................................................................................................... 8
Figure 3: Formation of graphite oxide spot.................................................................. 9
Figure 4: Schematic diagram of the ultrahigh vacuum compatible
nanocluster system .................................................................................... 10
Figure 5: Deposition process of silver nanoclusters .................................................. 11
Figure 6: Measuring the deposition rate of Ag nanoclusters using QCM ................. 12
Figure 7: EDX spectra of the Ag nanoclusters on glass substrate. The inset is
the SEM image of the Ag nanoclusters ..................................................... 14
Figure 8: Size distribution of Ag nanoclusters measured using QMF ....................... 15
Figure 9: (a) TEM image of Ag nanoclusters, (b) Size distribution of Ag
nanoclusters measured using the QMF (solid line) and the TEM
(cross points) ............................................................................................. 17
Figure 10: XRD pattern of the produced Ag nanoclusters ......................................... 19
Figure 11: Schematic diagram connection for Id-Vds characteristics ......................... 20
Figure 12: Id-Vds characteristics profile for both sensors ........................................... 21
Figure 13: Schematic diagram connection for testing the sensor of graphite
oxide and Ag nanoclusters at 0.3 ppb Hg2+ ............................................. 22
Figure 14: Change in the electrical drain current at 0.3 ppb Hg2+ for (a)
sensor with graphite oxide, and (b) sensor with graphite oxide
and Ag nanoclusters ................................................................................ 24
Figure 15: Changes in the electrical drain current with concentrations of
Hg2+ ......................................................................................................... 27
Figure 16: Change in the electrical drain current for different metal ions at
0.1 ppb with concentration ...................................................................... 29
Figure 17: Comparison between sensors of Ag and Au nanoclusters. ....................... 30
Figure 18: Complete block diagram of the sensor circuit design .............................. 33

xv
Figure 19: Internal configuration of LT3083 regulator ............................................. 35
Figure 20: Sensor voltage divider circuit ................................................................... 36
Figure 21: Sensor voltage divider circuit for the first design..................................... 38
Figure 22: Sensor voltage divider circuit for the second design ................................ 39
Figure 23: Sensor voltage divider circuit simulation (a) using minimum
value of Rsensor (b) using maximum value of Rsensor ................................ 41
Figure 24: Diagram of non-inverting amplifier ......................................................... 42
Figure 25: Simulation of non-inverting voltage amplifier using ideal op-amp
(a) maximum Vin (b) minimum Vin ......................................................... 45
Figure 26: Non-inverting voltage amplifier using non-ideal op-amp
(a) maximum Vin (b) minimum Vin ......................................................... 47
Figure 27: Sensor voltage divider circuit connected to non-inverting
amplifier using non-ideal op-amp (a) minimum Rsensor (b)
maximum Rsensor ...................................................................................... 49
Figure 28: Changes in the output voltage with the sensor resistance changes
from 2.2 kΩ to 18 KΩ (a) schematic (b) simulation result ..................... 50

xvi

List of Abbreviations

Ag

Silver

Ar

Argon

Au

Gold

EDS

Energy Dispersive x-ray Spectroscopy

GO

Graphite Oxide

PWM

Pulse Width Modulation

QCM

Quartz Crystal Monitor

QMF

Quadrupole Mass Filter

TEM

Transmission Electron microscopy

UHV

Ultrahigh Vacuum

XRD

X-ray Diffraction

1

Chapter 1: Introduction

1.1 Overview
In this work, a selective conductometric sensor based on graphite oxide
decorated with silver (Ag) nanoclusters to detect low concentration of Hg2+ traces in
water is introduced. The sensor is fabricated by deposition of gold (Au) parallel
interdigitated electrodes using thermal evaporation process on substrates of SiO2
wafer. Graphite oxide solution was dropped on top of the parallel electrodes. By
utilizing an ultra-high vacuum compatible system, silver nanoclusters were generated
by sputtering and inert-gas condensation and deposited on top of the graphite oxide
spot. The main purpose of using the nanoclusters is to increase the surface to volume
ratio, and therefore, extend the absorption and interaction between the mercury ions
and the sensing layer.
The structure of this thesis is as follows. Firstly, in Chapter 2, intensive
literature will be reviewed including the danger of mercury element on human health,
the importance of developing and improving a highly sensitive mercury (Hg2+)
detection sensor, exploration of different techniques and tools that have been used to
fabricate mercury sensors, and the nanoclusters used to improve the efficiency. Then,
Chapter 3 describes the fabrication process of the proposed sensor using alternative
nanoclusters such as silver (Ag) that includes: cleaning the substrates, depositing the
electrodes, forming the GO layer, creating the Ag nanoclustors. In Chapter 4, the
proposed mercury sensor is characterized and the results of it is discussed and
analyzed in details. In addition, a complete sensor circuit design, from power supply
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to display unit, is presented and simulated using Pspice program software in Chapter
5. Finally, Chapter 6 concludes this thesis.

1.2 Statement of problem
Mercury is considered as a toxic metal that harms a human body severely.
The side effects on a living organism rely on the exposure level of mercury. This
issue requires efficient solutions to overcome its public health hazardous outcomes.
Consequently, there is a demand to develop sensing devices that can monitor the
level of Hg2+ traces in water. The development should consider their reliability,
selectivity, low power consumption, low production cost, capability to work in
various environments, and on-site monitoring. However, there are many kinds of
sensors to detect Hg2+ but they use complicated methods and instrumentations which
make them costly for practical applications.

1.3 Aims and objectives
The main objectives of this thesis, which is related to conductometric sensors
technology and metallic nanoclusters field, are as follows:
1) Fabrication of a selective conductometric sensor based on graphite oxide
decorated with metallic nanoclusters such as silver (Ag) nanoclusters by
using ultra-high vacuum compatible system, so that it can detect very low
concentration of Hg2+ traces in water
2) Examine the electrical properties and performance of the proposed sensor,
and explore its characteristics.
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Chapter 2: Literature Review

2.1 Mercury
Mercury appears as a silvery metal which is the only popular metal exists in a
liquid form at room temperature [1]. It has high weight and considered as a heat
insulator but somehow conduct electricity [2]. There are three forms of mercury that
are extremely toxic; 1) elemental mercury such as Hg vapor or liquid, 2) organic
compounds for example Monomethylmercury (CH3Hg) and inorganic salts like
Mercury (II) Nitrate (Hg(NO3)2) [3]. Infection from mercury can happen by
ingestion, inhalation and absorption through the skin. However, the most common
way of exposure to the inorganic mercury is through ingestion [4]. Mercury ions are
a type of inorganic mercury but with high stability [5]. Toxic heavy metal ions are
considered hazardous to the environment and threat human development. Mercury
ions are categorized as highly toxic pollutant, even at low concentration [6], that has
significant side effects on human body and damage the ecosystem. Living organisms
or human being could be affected severely by mercury ions through soil, water, air,
and food chain [7].
Power plants burn a large quantity of coal and release a bulky amount of
mercury into the atmosphere when producing electrical energy, which is considered a
major source of pollution caused by human being [8]. Mercury in both molecular
compounds and ionic forms is classified as a contaminating metal that can lead to
long lasting deterioration of brain and declines the fetus growing [9]. Moreover, it
can harm people in all stages of their lives including immune system, kidney, heart,
and lung organs [10, 11].

4
2.2 Mercury sensing techniques
Many researches were involved in developing Hg2+ sensors, and different
techniques have been used to sense low concentrations of mercury. The mechanism
of these techniques is based on analytical instrumentation, such as neutron activation
analysis [12], anodic stripping voltammetry [13], cold vapor atomic fluorescence
spectroscopy [14], spectrometry of atomic absorption [15], inductively coupled
plasma-mass [16], and spectrometry of atomic fluorescence [17]. These techniques
require the use of advanced instruments leading to increased costs of sample
preparation.

2.3 Conductometric sensors
Conductometric sensors are commonly used for monitoring the presence of
elements or components by measuring the change in electrical conductivity. The
electrical conductivity of a sensor is modified when chemical species react with the
detection layer. Chemical reactions that include diffusion and adsorption occur on
the surface of the sensitive part of a conductometric sensor [18]. To enhance the
sensing process, sensors were experimented widely with different metallic
nanoclusters [19]. Recently, conductometric sensors were developed using
nanoclusters of noble metals that played important role in sensing low concentrations
of toxic metals. An example of these sensors is hydrogen gas sensor that employed
Pd and SnO2 nanoclusters [20], conductometric sensor for ammonia and ethanol
using gold nanoparticle [21], enzyme sensor for protein detection by utilizing
magnetic elements and gold nanoparticles [22], non-enzymatic glucose sensor
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modified with silver and copper nanoparticles [23], and graphene sensor for
detecting Hg2+ decorated with gold nanoclusters [24].

2.4 Graphite oxide
During the past few years, metal oxides played an interesting role in sensing
applications which are used in different fields such as photonics, electronics, and
mechanics [25, 26]. One of these metal oxides is graphite oxide that has attracted the
attention of scientists in the recent years. Strong oxidants like sulfuric acid,
potassium chlorate, potassium permanganate, or nitric acid are mainly used to
prepare graphite oxide [27]. Based on the degree of oxidation which occurs in the
used process, graphite oxide demonstrates different characteristics and structures
[28]. Graphite oxide has many features such as low cost, high charge carries mobility
at room temperature and high surface area [23], which can be used to fabricate field
effect transistors and transparent conductive films [29]. Moreover, the advantage of
graphite oxide over graphite is that it can easily be diluted in water that makes it a
desired material in many applications like supercapacitors [30], electrochemical
devices, and adsorption of ammonia [31].
Graphene can be obtained from graphite oxide by exfoliation and reduction
processes that make them costly to produce. Therefore, fabricating electronic devices
or conductometric sensors that are based on graphite oxide is cheaper than those
based on graphene [32]. Also graphite oxide was used effectively in nanoscience to
fabricate nanoelectronic devices [33]; and it was used widely in fabricating
conductometric sensors because of the ability to modify it using metal nanoclusters,
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such as silver nanoclusters deposited on top of it. The presence of the metal
nanoclusters enhances the electrical properties of the sensing device [23].

2.5 Metallic nanoclusters
Nanoclusters are groups of atoms that are assembled together to form a small
entity of the element in the nanoscale. The characteristics of these nanoclusters are
not the same as their equivalent large size materials. The surface to volume ratio of a
sensor is modified by depositing nanoclusters on top of its material [34]. There are
many methods to generate nanoclusters. One of these methods is sputtering and inertgas condensation inside an ultra-high vacuum system [35]. This method is based on a
physical process that has many qualitative features, over other chemical methods
used, such as size selection using a mass filter, self-assembly between electrodes on a
substrate, size tuning, and high purity [24, 36]. Due to the fact that silver
nanoclusters are easy to use and are sensitive to the surrounding environment, they
were applied in different areas of biology, chemistry, and environment [37]. Silver
nanoclusters have been used vastly in different applications such as sensors and
catalyzers, and they received a considerable success and accomplishment, which
encountered a great interest in the recent years [38]. Compared to other metals’
nanoclusters, silver nanoclusters can be produced economically at low cost which
makes them preferable in manufacturing conductometric sensors [39]. Moreover,
silver nanoclusters have high affinity to Hg2+ that makes them of high interest for
investigators to use it in conductometric sensors [40]. The use of silver nanoclusters
appears in various sensing application such as hydrogen peroxide sensor [41],
microbalance gene detector [42], and colorimetric sensors [43].
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Chapter 3: Experimental

3.1 Substrates preparation
Mercury ion, Hg2+, sensor was fabricated using a commercial substrate of ptype doped silicon (Si) wafer that has a top layer of silicon dioxide (SiO2) with
300 nm thickness. Before depositing electrical electrodes on surface of the sensors’
substrate, the substrates were cut into small pieces of a size of (1 cm

0.5 cm).

Next, acetone was used to clean the wafers, followed by ethanol, and then by
deionized water. Finally, nitrogen gas was used for drying the wafers at the last step.
The steps of cleaning the substrates are illustrated in Figure 1.

Figure 1: Stages for cleaning the substrates
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In order to deposit parallel interdigitated electrodes on the surface of a
substrate, first nickel-chrome (NiCr) layer of about 5 nm thick was deposited by
thermal evaporation. The same technique was used to deposit Au layer of nearly
50 nm thick through a shadow mask to form the interdigitated electrodes with a gap
between the electrodes. The schematic diagram for the substrate is illustrated in
Figure 2. The importance of NiCr layer is to enhance the adhesion between the wafer
and the gold electrodes [20, 23].

Figure 2: Schematic diagram for the substrate with the digitated gold electrodes.

3.2 Deposition of graphite oxide
A commercial graphite oxide (GO) solution was used in the fabrication
process of the Hg2+ sensors. A spot of graphite oxide was formed in a droplet manner
on top of the parallel interdigitated electrodes. The sensor was kept at room
temperature for 24 hours to dry the spot of graphite oxide. The formation of graphite
oxide spot on the fabricated sensor is displayed in Figure 3. Using Keithley 617
electrometer, electrical conductance of the sensor was measured. This test is
important to emphasize the formation of percolation paths. Moreover, the current-
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voltage measurements were performed to characterize the sensors using Keithley 236
source measuring unit that was controlled by a computer.

Figure 3: Formation of graphite oxide spot

3.3 Generation and deposition of Ag nanoclusters
Silver nanoclusters were deposited on the surface of the graphite oxide by an
ultrahigh vacuum compatible system (UHV). Magnetron sputtering and inert-gas
condensation technique was used in this process [35, 36]. Figure 4 shows a complete
schematic diagram of the ultrahigh vacuum compatible nanocluster system including
the source where the nanoclusters were produced.
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Figure 4: Schematic diagram of the ultrahigh vacuum compatible nanocluster
system [36]
Using two turbo pumps (T.P) and a dry-rotary pump, the pressure inside the
deposition chamber was reduced to approximately 10-8 mbar [44]. On the magnetron
sputtering head, a silver target of 99.9% purity was fixed. Plasma was produced
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inside the source chamber using argon (Ar) inert gas to sputter silver from the target
by DC discharge power. Also, Ar facilitates the condensation of the sputtered silver
atoms to form the nanoclusters [44, 45]. The target and the exit nozzle of the source
were apart from each other by a distance of 40 mm, called aggregation length (L)
[46]. Argon gas flow rate was maintained at 60 sccm (standard cubic centimeters per
minute), and the discharge DC power of 115.5 W was applied in order to generate
silver nanoclusters. Herein, the DC discharge power, aggregation length, and argon
flow rate was found to control the size of nanoclusters [34]. The process of
depositing silver nanoclusters on the surface of the graphite oxide is demonstrated in
Figure 5.

Figure 5: Deposition process of silver nanoclusters
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Before depositing silver nanoclusters on the wafers, a quartz crystal monitor
(QCM) was used to measure the deposition rate of nanoclusters. The QCM was fixed
on a linear translator which can move towards the nanocluster beam to measure the
deposition rate and then it pulls back [20], as revealed in Figure 6.

Figure 6: Measuring the deposition rate of Ag nanoclusters using QCM [24]

3.4 Ag nanoclusters characterization
A quadrupole mass filter (QMF) was employed to measure the size
distribution of nanoclusters, and this measurement was confirmed by transmission
electron microscopy (TEM) [47]. For structure and composition study, ordinary glass
substrates were mounted next to the silicon wafer on the sample holder to deposit
silver nanoclustors on top of it. The structure and size of nanoclusters were examined
using Cu-Kα radiation of a Shimadzu 6100 X-ray diffraction (XRD) system with

=

1.5406 Å. In addition, the existence of silver nanoclusters was confirmed by
implementing energy dispersive x-ray spectroscopy (EDS) technique.
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Chapter 4: Results and Discussion
4.1 Nanoclusters characterization
Figure 7 illustrates the EDS spectrum for the fabricated nanoclusters on a
glass substrate, and the insets of the figure displays SEM image of Ag nanoclusters.
This image demonstrates that the nanoclusters have agglomerated in the form of
semi-spherical shape. The EDS spectrum confirms the existence of silver
nanoclusters. It depicts approximately 4.06% of the mass percentage of silver
nanoclusters when compared to other elements in the sample as shown in Figure 7.
The other chemical elements are oxygen (O), silicon, magnesium (Mg), sodium (Na),
and calcium (Ca), they appear because of the presence of glass substrate.
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Figure 7: EDX spectra of the Ag nanoclusters on glass substrate. The inset is the
SEM image of the Ag nanoclusters

The size distribution for the generated Ag nanoclusters is shown in Figure 8.
This measurement was taken using the quadrupole mass filter (QMF) which
measures the current signal of the produced silver nanoclusters through a faraday cup
located at the exit of QMF [47]. The average nanocluster size is about 3.9 nm,
calculated from Figure 8 using OriginLab software, assuming spherical nanoclusters.
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Figure 8: Size distribution of Ag nanoclusters measured using QMF

Furthermore, the size distribution for the silver nanoclusters was also
examined by using transmission electron microscope images (TEM). Figure 9(a)
shows a representative TEM image, and it indicates relatively semi-spherical shape
for the silver nanoclusters that is in good agreement with data reported in literature
[23]. The TEM image was used to calculate the size distribution of silver
nanoclusters. The cross points in Figure 9(b) are the size distribution of Ag
nanoclusters obtained from the TEM image, while the solid line represents the size
distribution of Ag nanoclusters measured using QMF. The results from the TEM
image illustrates that the range of the diameter for silver nanoclusters is between 2
and 10 nm. A total sample size of 197 diameters is examined in the TEM image. The
semi-circles in the TEM image are classified into ten groups which range from 1 to
10. Each group contains sets of diameters, for example group one contains diameters
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range between 0 and 0.99 nm. Groups two to ten contains sets of diameters that
ranges; 1-1.99, 2-2.99, 3-3.99, 4-4.99, 5-5.99, 6-6.99, 7-7.99, 8-8.99, 9-9.99 nm
respectively. The diameters are counted for each group and recorded in Table 1. The
average size of the nanoclustors in Figure 9(b) illustrates that both measurements are
close to each other, which emphasize the reliability of the mass filter in nanoclustor’s
size selection.
Table 1: Measurement obtained from TEM image

1

Number of
Nanoclusters
0

2

8

3

44

4

45

5

35

6

20

7

16

8

10

9

10

10

9

Diameter (nm)

The average diameter of silver nanoclusters is calculated using the weighted average
formula,

̅

∑
∑

(1)

Where N is the total sample size, w is the diameter of the nanoclustor of a particular
size and x is the number of nanoclustors.
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(a)

(b)
Figure 9: (a) TEM image of Ag nanoclusters, (b) Size distribution of Ag nanoclusters
measured using the QMF (solid line) and the TEM (cross points)
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The silver nanoclusters were further investigated by XRD. Figure 10 shows
the XRD pattern for silver nanoclusters fabricated on a glass substrate. The angles
revealed in Figure 10 correspond to the diffraction planes 111, 200, 220, and 311 that
correspond to a face-centered cubic silver nanocluster structure. The main diffraction
peaks can be assigned to the angles: 2θ = 37.6, 43.9, 64.3, and 77.4 [23, 48, 49].
The average nanocluster diameter (D) can be estimated from XRD reflection
peaks by using the so-called Scherrer’s equation:
(2)
Where λ is the wavelength of X-ray radiation, θ is the considered Bragg
reflection angle, β is the full width at half maximum intensity (FWHM) of the peak
(in Rad), and k is a dimensionless factor associated with the nanoclusters shape and it
depends on the size distribution. For spherical shape crystals, the value of k is 0.94
[50]. By using the values λ = 1.54 Å, β = 0.58 (degree), 2θ = 43.87o and k = 0.94, the
average Ag nanoclusters size is calculated to be 15.5 nm, using Equation 2.
Scherrer’s equation is evaluated at the highest intensity; diffraction peak
belongs to the plane (200), and taking into account the assumption of the spherical
shape of Ag nanoclusters. In contrast to the results calculated from the TEM images
and the size distribution, the result obtained from XRD data is about three times
higher. This can be a result of the agglomeration of Ag nanoclusters in the specimen
that is deposited on the glass substrate.
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Figure 10: XRD pattern of the produced Ag nanoclusters

4.2 Sensor characteristics
The fabricated sensor device follows a transistor-like structure that is based
on graphite oxide. The gap between the source and drain gold electrodes is the
channel of graphite oxide layer. The electrical properties of the fabricated sensor
were measured at room temperature. As displayed in the schematic diagram of the
experiment in Figure 11, the drain–source terminals of the sensor is connected to a
voltage source that varies between -2.0 and 2.0 V. This range is selected because the
maximum drain current for this sensor can reach to 1 mA before it saturates.
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Figure 11: Schematic diagram connection for Id-Vds characteristics
Figure 12 reveals the Id-Vds characteristics for both sensors; graphite oxide
and graphite oxide with silver nanoclusters. The range of the drain–source voltage
(Vds) is between

2.0 and +2.0 V. The figure clearly shows linear relationship

between the drain current (Id) and the drain–source voltage (Vds) for the sensor based
on graphite oxide with silver nanoclusters, that is because the silver nanoclusters is
considered a good conducting element [51]. On the other hand, a non-linear curve is
observed for the sensor based on graphite oxide only, due to the graphite oxide
channel that is considered semiconducting material [52]. Increasing the value of Vds
leads to increase in the Id value. The density of charge carries (electrons) in the
channel rises when positive Vds is applied, thus the channel conductivity improves
and Id increases. Moreover, the direction of the current Id is reversed when negative
Vds is applied.
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Figure 12: Id-Vds characteristics profile for both sensors
4.3 Sensor testing
The fabricated sensors of graphite oxide with and without Ag nanoclusters
were exposed to Hg2+ solution with a concentration of 0.3 ppb. The diagram in
Figure 13 reveals the schematic diagram for the sensor of graphite oxide and Ag
nanoclusters when the testing is being conducted. Dropper tool was used to expose
the sensitive part of the sensor to a solution of 0.3 ppb Hg2+concentration, and the
results are visualized on the screen of the computer. These experiments show how
sensitive the fabricated sensor is.
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Figure 13: Schematic diagram connection for testing the sensor of graphite oxide and
Ag nanoclusters at 0.3 ppb Hg2+
Figure 14 displays the changes in the electrical drain current when both of the
sensors were exposed to a Hg2+ solution that has 0.3 ppb concentration. For the
applied drain-source voltage, the measured drain current vary between maximum and
minimum values of Idmax = 30.705 µA and Idmin = 20.195 µA as shown in Figure
14(a). However, the response for graphite oxide with Ag nanoclusters (Figure 14(b))
is higher, where Id changes from 40.046 µA to 20.932 µA.
It is clear from Figure 14(a) and 14(b) that the electrical drain current
decreases from its maximum value to minimum value when the surface of the
fabricated sensor is exposed to Hg2+. This phenomenon can be explained by the
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adsorption of mercury ions at the surface of the sensor. Knowing that mercury ions
are positivly charged, which adsorped at the surface and neutralized with some of the
negative charge carriers (electrons) in the channel. Consequently the conductivity of
the channal between the drain (Id) decreases. However, for sensor with silver
nanoclusters the decrease in Id is higher that can be related to the high affinity of Ag
to Hg2+ [40]. Hence, using Ag nanoclustors incresases the surface of the sample for
further adsorption of mercury ions.
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(a)

(b)
Figure 14: Change in the electrical drain current at 0.3 ppb Hg2+ for (a) sensor with
graphite oxide, and (b) sensor with graphite oxide and Ag nanoclusters
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To study the sensitivity of the sensors, different concentrations of Hg2+
solution were examined. The difference in the electrical currents of the sensors were
recorded for both sensors. Table 2 illustrates the maximum and minimum electrical
drain current (Id) measured when the sensor based on graphite oxide and Ag
nanoclusters was exposed to different concentrations of Hg2+ solution. The Hg2+
concentrations are in part per billion (ppb) and the currents are in microamperes
(μA). The test was also conducted using the same concentrations of Hg2+ for sensor
based on graphite oxide only, and the result is tabulated in Table 3.

The variation of the current was calculated using:
(3)

Table 2: Measurements of Id for sensor with graphite oxide and Ag nanoclusters
Graphite oxide (GO) + Ag nanoclusters
Concentration (ppb)

Id max (μA)

Id min (μA)

ΔId (μA)

0.05

44.553

29.307

15.246

0.1

42.773

24.122

18.651

0.3

40.046

20.932

19.114

3

42.773

17.360

25.413

5

41.851

16.125

25.726

20

40.481

8.458

32.023

40

39.914

6.111

33.803

60

42.313

8.088

34.225

84.8

41.357

5.569

35.788
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Table 3: Measurements of Id for sensor with graphite oxide
Graphite oxide (GO)
Concentration (ppb)

Id max (μA)

Id min (μA)

ΔId (μA)

0.05

32.773

23.721

9.052

0.1

30.667

20.413

10.254

0.3

30.705

20.195

10.510

3

30.667

17.643

13.024

5

30.755

17.466

13.289

20

30.667

14.580

16.087

40

29.716

9.389

20.327

60

29.576

8.443

21.133

84.8

30.600

8.949

21.651

Figure 15 depicts the changes in electrical drain current (ΔId) against
concentration of Hg2+ solution that ranges from 0.05 to 84.8 ppb. As demonstrated
by the figure, the curve clearly reveals that ΔId increases with increasing the
concentrations of Hg2+ for both sensors. The figure also shows that the sensor based
on GO with Ag nanoclusters has higher sensitivity and performs better than those
with GO only at all concentrations. This can be attributed to the increase in the
surface area/volume ratio offered by the presence of Ag nanoclusters as compared to
the surface/volume ratio of GO only [34]. The presence of Ag nanoclusters lead to
further reaction and adsorption of Hg ions, and consequently more change in the
current.
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Figure 15: Changes in the electrical drain current with concentrations of Hg2+
In addition to the sensitivity of graphite oxide with Ag nanoclusters’ sensor,
various experiments were conducted to investigate the selectivity of the developed
sensor, which is a unique feature for practical implementations. The sensor was
tested against several solutions of metallic ions such as K+, Co2+, Cr2+, Cd2+, Cn2+,
Fe2+, and Zn2+ in addition to Hg2+. These ions are normally presented in environment
and natural resources of water [42]. All solutions prepared for selectivity study are at
a constant concentration of 0.1 ppb. The changes in the electrical drain current are
listed in Table 4 for sensors based on graphite oxide with and without Ag
nanoclusters.
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Table 4: Measurements of Id for different metal ions
Graphite oxide (GO) + Ag nanoclusters
Metal ions

Id max (μA)

Id min (μA)

ΔId (μA)

k+

40.641

40.475

0.166

Co2+

39.977

38.410

1.567

Cr2+

42.701

41.354

1.347

Cd2+

41.759

41.339

0.420

Cn2+

41.408

40.821

0.587

Fe2+

40.723

40.083

0.640

2+

43.329

42.739

0.590

Hg2+

40.979

20.954

20.025

Zn

Changes in the electrical drain current of the sensor are presented in
Figure 17. The figure displays that the Hg2+ has the highest electrical signal change
(∆Id = 20 µA), which indicates the optimum response by the sensor among the metals
in the study. Potassium ion (K+) exhibits almost no change in the electrical signal.
This behavior was also observed for sensors based on graphene with Au nanoclusters
[24]. The high selectivity of the sensor to Hg2+ ions could be explained by the
effective electro-catalyst action of the GO and Ag nanoclusters that resulted from the
large surface area that allowed accessibility to the reactants [53]. This result
demonstrates the high selectivity of the fabricated sensors towards Hg2+.
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Figure 16: Change in the electrical drain current for different metal ions at 0.1 ppb
with concentration
Furthermore, the sensor developed in this work is compared with the sensor
based on graphene and gold nanoclusters [24], and the results are plotted in
Figure 16. The y-axis is the ratio of changes in the drain currents and the x-axis is the
concentrations of Hg2+. ΔINCs represents the changes in the drain currents of the
sensor with nanoclusters and ΔI is the changes in the drain currents of the sensor
without nanoclusters. The figure illustrates that sensor based on graphite oxide and
silver nanoclusters has less drain currents change ratio than the other sensor, which
indicates that the sensor based on graphene and gold nanoclusters performs better
than the sensor based on graphite oxide with silver nanoclusters. However, using
silver nanoclusters will reduce the production cost of the sensor, thus can lead to
apply it widely in many applications.
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Figure 17: Comparison between sensors of Ag and Au nanoclusters.
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Chapter 5: Sensor Circuit Model
In this chapter, the overall sensor circuit design will be discussed in detail.
The objective is to construct a system that can detect the changes in the resistance of
the mercury sensor and present it in numerical values. Firstly, a block diagram of the
entire system, including different stages, will be explained in depth. Then, a voltage
regulator will be introduced to step down the voltage from a source to a desired level.
After that, a circuit for the sensor and a voltage amplifier will be designed and
simulated using Pspice software program to display and analyze the results. Op-amp
will be used for voltage amplification, and the circuit will be simulated with ideal
and non-deal cases.
The operation of a real electronic device or an electrical circuit can be
represented by utilizing simulation software. It is a valuable analysis tool for
modeling an electrical circuit. Before constructing an actual design, drawing and
simulating can play an important role in getting insight into electrical circuit
conduction, and therefore, progress system efficiency.

5.1 Design block diagram
A block diagram for all the stages is created so that the circuits design will
have a clear overview. Figure 18 demonstrates the complete block diagram for the
overall sensor circuit design and it displays all the essential pieces needed in the
design such as battery, voltage regulation, variable resistor, fixed resistors, op-amp,
microcontroller and LCD display.
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The block diagram starts with a voltage source (battery) of 1.5 V and
proceeds to different stages. The first stage is a voltage regulator which steps down
the voltage, which is typically a battery with 1.5 V, to the desired voltage that is
required for the sensor circuit to operate efficiently. The second stage is the sensor
voltage divider circuit, where the sensor is connected in series with a fixed resistor.
In this stage, the output voltage is tapped between the two resistors so that a variable
voltage can be obtained whenever there is a change in the sensor resistance. The third
stage is voltage amplifier, through which the output voltage from the sensor voltage
divider circuit will be amplified to the desired level that the microcontroller can
recognize and read it. The fourth stage is data processing and display units in which
the amplified output voltage coming from the op-amp is processed and presented in
numerical values. The data is processed in the microcontroller that has an analog-todigital converter (ADC) and a built-in microprocessor. The amplified output voltage
from the op-amp is an analog voltage that will be converted to a digital value by
ADC in order to make it readable by a microprocessor. These digital values will be
calibrated and converted to numerical values that will, therefore, represent the
mercury concentration level. The display unit such as LCD will interface the
microcontroller and exhibits the numerical values.
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Figure 18: Complete block diagram of the sensor circuit design
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5.2 Voltage regulator
Voltage regulator is used to step down the voltage supplied by the battery
source of 1.5 V to a constant 0.11 V that is required by the sensor voltage divider
circuit. The LT3083 voltage regulator is a high efficiency linear regulator that has an
advantage of producing adjustable output voltage. However, the main features of
LT3083 is that it can supply power of very low output voltage and the regulated
output voltage can be designed to any level ranges from 0 V to 23 V. Moreover, the
input voltage of this regulator can be ranged from 1.2 V to 23 V, which is suitable for
our design, and the battery source of 1.5 V can be connected to it.
Figure 19 illustrates the internal configuration of the LT3083 regulator. As
indicated in this figure, an internal reference current of 50 μA is passing through the
SET pin. A resistor (Rset) is connected between the SET pin and the ground in order
to produce a voltage which is considered by the error amplifier as a reference point.
Since, the required supply voltage for the sensor voltage divider circuit in our design
is 0.11 V; the output voltage, which is the reference voltage, of the voltage regulator
must equal to 0.11 V. By using the resistor (Rset) and the internal reference current
(Iref = 50 μA), any level of the output voltage between 0 V and 23 V can be
generated.
The output voltage is produced by the equation below:

The resistor (Rset) for our design is calculated as follows:
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Figure 19: Internal configuration of LT3083 regulator [54]

5.3 Sensor voltage divider circuit design
From Table 2, the maximum current (Idmax = 44.553 μA) and the minimum
current (Idmin = 5.569 μA) values are used to find the minimum and maximum values
of the sensor resistance respectively, whereas the voltage across the sensor is fixed at
ΔVsensor = 0.1 V, which is the minimum value for the sensor to operate properly.
Minimum value of the sensor resistance:

Maximum value of the sensor resistance:

A voltage divider circuit is used to convert the resistance of the sensor to a
voltage as illustrated in Figure 20. In the voltage divider circuit, two resistors are
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connected in series, Rsensor and R2, so that the input voltage is divided between these
two resistors ratio. Between the two resistors, Rsensor and R2, the output voltage (Vout)
is tapped between them. The output voltage is inversely proportional to the sensor
resistance (Rsensor) value when the value of R2 is fixed. The lower the resistance of
the sensor (Rsensor), the greater the output voltage (Vout) will be obtained. Rsensor
represents a variable resistor and R2 is a fixed resistor connected to a ground. When
the resistance of the sensor changes, the output voltage (Vout) changes accordingly.
This is because of the current variation and voltage drop. The fixed resistor (R2) is
grounded in order to find a path for the current to pass through it.

Figure 20: Sensor voltage divider circuit
The output voltage (Vout) from the sensor circuit can be obtained by the
voltage divider rule:

(

)

( )

The appropriate value of the fixed resistor (R2) can be specified by
rearranging the voltage divider formula and calculating R2, since the input voltage is
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known to be Vsource = 0.11. The maximum and minimum values for the sensor
resistance are Rsensor_max = 18 KΩ and Rsensor_min = 2.2 KΩ respectively.
The efficient operating condition of the sensor is ∆Vsensor ≥ 0.1 V, and in
order to maintain a 0.1 V voltage (∆Vsensor) across Rsensor, the output voltage (Vout)
should be 0.01 V. The source voltage (Vsource) which is applied to the sensor design
circuit is selected to be 0.11 V, ∆Vsensor = 0.1 V for the sensor resistance (Rsensor) and
∆V = 0.01 V for the fixed resistor (R2). The voltage difference across the fixed
resistor is kept to be small in order to minimize the power loss in R2.
By rearranging Equation 4, the value of the fixed resistor (R2) can be found:

( )

From Equation 5, the value of R2 can be determined using minimum or
maximum value of Rsensor. Therefore, two different designs can be constructed and
the one which follows the operating conditions of the senor will be selected.
5.3.1 First design
In this design, the value of the fixed resistor (R2) is calculated using the
minimum value of the sensor resistance, Rsensor_min = 2.2 KΩ
By using Equation 5, R2 is calculated as follows:
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Figure 21: Sensor voltage divider circuit for the first design
The values of the two resistors are displayed in Figure 21 in which R2 is
found to be 220 Ω. For this design circuit, by applying voltage divider rule, the
maximum value of the output voltage (Vout_max) is calculated using the minimum
value of the sensor resistance, Rsensor_min = 2.2 KΩ.

(

)

(

)

The voltage difference between the two terminals of Rsensor is:

The minimum value of the output voltage (Vout_min) is calculated using the maximum
value of the sensor resistance, Rsensor_max = 18 KΩ:

(

)

(

)

The voltage difference between the two terminals of Rsensor is:
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∆Vsensor = 0.1087 ≥ 0.1, and the sensor will operate properly, since the minimum
desire voltage (0.1 V) between its two terminals is applied.
5.3.2 Second design
The second option is to calculate R2 using the maximum value of the sensor
resistance, Rsensor_max = 18 KΩ

Figure 22: Sensor voltage divider circuit for the second design
Figure 22 shows the values of the two resistors in which the value of R2 is
calculated to be 1.8 KΩ. For this design circuit, by applying voltage divider rule, the
minimum value of the output voltage (Vout_min) is calculated using the maximum
value of the sensor resistance, Rsensor_max = 18 KΩ:

(

)

(

)
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The voltage difference between the two terminals of Rsensor is:

The maximum value of the output voltage (Vout_max) is calculated using the minimum
value of the sensor resistance, Rsensor_min = 2.2 KΩ:

(

)

(

)

The voltage difference between the two terminals of Rsensor is:

∆Vsensor = 0.0605 ≤ 0.1, so the sensor will not operate properly, since the
minimum desire voltage between its two terminals is not applied. Thus, the first
design, which has R2 = 220, is an applicable choice to construct the sensor voltage
divider circuit.
5.3.3 First design circuit simulation
The first design circuit is simulated using Pspice program software and the
results are shown in Figure 23. The values of voltages displayed in Figure 23 is the
same as calculated before, whereas the currents values are very near to the values
presented in Table 2, which indicates that the constructed design is convenient for
the sensor voltage divider circuit and operates same as the real sensor.
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Figure 23: Sensor voltage divider circuit simulation (a) using minimum value of
Rsensor (b) using maximum value of Rsensor
5.4 Designing voltage amplifier
Since the sensor voltage divider circuit generates output signal of voltage,
non-inverting voltage amplifier is used to step up this output voltage to a suitable
value that can be read by microcontroller. Figure 24 shows the circuit diagram of a
non-inverting voltage amplifier which consist of feedback resistor (R f), ground
resistor (R1) and op-amp. The purpose of this amplifier in our design is to convert the
output voltage changes from the sensor voltage divider circuit, which is typically
from 10 mV to 1.328 mV, to a voltage range between 0 and 5 V. However, most of
the microcontroller accepts analog voltage range between 0 and 5 V for processing.
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Figure 24: Diagram of non-inverting amplifier
Non-inverting amplifier can be analyzed by using voltage divider rule at the
negative terminal of the op-amp; the output voltage can be calculated as follows:
The closed-loop voltage gain (AV) of the non-inverting amplifier is:

(

)

Ideal case: V– = Vin
The voltage gain (Av) is equal to:

( )

In our design, the maximum input voltage (Vin_opamp) to the op-amp, which is
produced by the sensor voltage divider circuit, is equal to 0.01 V, and the output
amplified voltage (Vout_opamp) from the op-amp for this maximum input voltage is
selected to be 4.5 V. The range of both resistors, Rf and R1, is limited to 100 – 100 k
practically, and Rf is larger than R1 [55]. The feedback resistor (Rf) is selected to be
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100 KΩ, which is the maximum value chosen within the range, so that the power loss
will be the least in the two resistors, Rf and R1.
Therefore, from Equation 6, the ground resistor (R1) can be calculated as follows:

The ground resistor (R1) is rounded to 220 Ω in order to implement it practically.
Since the positive terminal voltage (V+) of the op-amp is equal to the
negative terminal voltage (V-), the current passing through the ground resistor (R1) is
found to be:

Since there is no current flowing to either terminals of the op-amp, both
resistors (Rf and R1) have the same current (Iout) flowing through them.
The total power dissipated in both resistors, Rf and R1, is calculated to be:

(

)

(

(

)
)

(

(

)
)

The value of this power (207.02 μW) is the least possible power that can be
obtained by choosing Rf = 100 KΩ and R1 = 220 Ω in the voltage amplifier design.
Other than these values, Rf and R1, will increase the current and therefore, lead to
rise the power loss in the circuit.

44
The minimum output voltage (Vout_opamp) from the op-amp is calculated using
the minimum input voltage (Vin_opamp) to the op-amp:

(

)

(

)

The non-inverting voltage amplifier circuit is simulated using Pspice program
software revealed in Figure 25. Ideal op-amp is used in this simulation and a voltage
source is connected to the positive terminal of the op-amp. The voltage source (Vin)
represents the output voltage from the sensor voltage divider circuit which are the
maximum and minimum voltages, Vout_max = 0.01 V and Vout_min = 0.001328 V.
Figure 25 (a) and (b) displays the simulation results using maximum and minimum
input voltage (Vin) to the op-amp respectively. It can be seen clearly from the figure
that the output voltages appearing from the simulation results are very identical to
those calculated manually. However, the slight difference is because the ideal opamp model in the simulation software has some internal voltage drops. This appears
clearly on the inverting and non-inverting terminals, V- and V+, which are not equal
to each other as it should be like in an ideal op-amp, demonstrated previously.
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Figure 25: Simulation of non-inverting voltage amplifier using ideal op-amp
(a) maximum Vin (b) minimum Vin
Moreover, in order to study non-ideal case, the non-inverting voltage
amplifier circuit is simulated using non-ideal op-amp. One of the commercial opamp that is common in the market is uA741. The uA741 op-amp is an operational
amplifier which is used in daily practical application. In pspice simulator, the uA741
model has been designed carefully in order to behave as a real op-amp in the
simulation circuits. Figure 26 reveals the simulation results of the non-inverting
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voltage amplifier circuit using uA741 op-amp. The circuit is simulated using
maximum and minimum input voltage (Vin) to the uA741 op-amp respectively.
The uA741 op-amp model has seven connections; three for (V+, V-, Vout),
two for DC power supplies (Vcc, Vee) and two are OS1 and OS2 that are used to
correct the offset voltage. Again, the voltage source (Vin) act for the maximum
(Vout_max = 0.01 V) and the minimum (Vout_min = 0.001328 V) output voltages from
the sensor voltage divider circuit. The simulation result in Figure 26 obviously
reveals that the positive and the negative input voltages are not similar to each other
as in ideal op-amp. This is because the uA741 op-amp model acts as a real op-amp,
so it has input impedance leading to voltage drops and has input leakage currents. In
addition, it has internal output resistance (output impedance) connected in series with
the load, therefore leading to decrease the output voltage for the load. However, in
ideal cases, the input impedance is infinite and the internal output resistance is zero.
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Figure 26: Non-inverting voltage amplifier using non-ideal op-amp
(a) maximum Vin (b) minimum Vin
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5.5 Overall performance of the circuits
In order to examine the overall performance of the circuits, the output of the
sensor voltage divider circuit is connected to the non-inverting amplifier using
uA741 op-amp as illustrated in Figure 27. As mentioned before, the condition for
the sensor to operate properly is to have ∆Vsensor ≥ 0.1. So the voltage difference
across the sensor resistor is calculated using the input and output values obtained
from the simulation results of Figure 27.
The voltage difference between the two terminals of Rsensor in Figure 27 (a) is:

The voltage difference between the two terminals of Rsensor in Figure 27 (b) is:

These results indicate that the sensor is conducting in its proper operating
condition. The input and output values of the non-inverting amplifier in Figure 27 are
slightly different from Figure 26 because there is a small leakage current entering the
positive terminal (V+) of the op-amp from the sensor voltage divider circuit.
Furthermore, the sensor voltage divider circuit along with the non-inverting
amplifier circuit is simulated to observe the changes in the output voltage of the
amplifier against the changes in the sensor resistance as appeared in Figure 28. The
X-axis is the variation of the sensor resistance from 2.2 kΩ to 18 KΩ and the Y-axis
represents the output voltage. The graph in Figure 28 (b) shows that the output
voltage decreases with increasing sensor resistance, and the output voltages of the
minimum and maximum values of Rsensor are similar to that obtained previously.
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Figure 27: Sensor voltage divider circuit connected to non-inverting amplifier using
non-ideal op-amp (a) minimum Rsensor (b) maximum Rsensor
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Figure 28: Changes in the output voltage with the sensor resistance changes from
2.2 kΩ to 18 KΩ (a) schematic (b) simulation result
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Chapter 6: Conclusion and Future Work
In summary, we developed conductometric sensors that follow a transistorlike structure to detect low concentration of Hg2+. These sensors are based on
graphite oxide (GO) decorated with silver nanoclusters, and they were built on
substrates of p-type doped-Si wafer which have top layer of SiO2 with 300 nm
thickness. Interdigitated electrodes of gold were deposited on the surface of the
substrates by thermal evaporation process. Graphite oxide was assembled between
the interdigitated electrodes followed by deposition of silver nanoclusters on top of
the graphite oxide. The results indicate that sensor based on GO with Ag
nanoclusters exhibit better response compared with that based on GO only. The
fabricated sensors are also tested against several solutions of metal ions such as K+,
Co2+, Cr2+, Cd2+, Cn2+, Fe2+, and Zn2+ to investigate its selectivity. The sensor
demonstrates optimum response to Hg2+ amongst the other metal ions which
indicates a unique feature for its practical implementations. The advantage of these
sensors comes to their low power consumption, low production cost, and they can be
used outdoor easily due to their small size.
A voltage regulator was introduced to step down the voltage from a source
(battery of 1.5 V) to a level of 0.11 V to feed the sensor voltage divider circuit. The
changes of the sensor resistance, when exposure to different metal ions, were
detected in term of voltages by voltage divider circuit. Also, a voltage amplifier was
constructed in schematic to amplify the detected output voltage from the sensor
voltage divider circuit to voltage levels between 0.5 V and 4.5 V for a
microcontroller. The sensor voltage divider circuit and the voltage amplifier was
build and simulated using Pspice program software.
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As a future work, we suggest to fabricate the mercury sensor using
different metallic nanoclusters such as platinum, palladium or copper, in order to
improve it in terms of efficiency and manufacturing cost. Moreover, this sensor can
be tested by applying voltages at different frequencies and measure the impedance of
the sensor in order to obtain the optimum operating voltage. This may lead to achieve
a thinner layer of the metallic nanoclusters which would further decrease the cost of
fabrication process.
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